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Abstract
Deep coal-bearing formation (DCBF) has many advantages in geological CO2 storage such as large storage capacity as 
sedimentary formation and the CBM production by ECBMR from coal seam. A non-isothermal multi-phase multi-component 
fluid dynamic simulator for CO2 storage in DCBF was developed and verified. The CO2 storage performance for the DCBF in 
Ariake Area, Kyushu, Japan was conducted by using the developed simulator. The result showed the poor sealing performance 
for the long term storage in the DCBF of this area.
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1. Introduction
As for the geological CO2 storage, due to the physical and chemical properties of CO2, disposal of CO2 into 
various subsurface formations has been suggested as an appropriate and promising mean for CO2 storage and 
sequestration associated with the state-of-art technologies. According to the scenario studied by IEA, CO2
geological storage would contribute a cumulative storage amount of 80Gt over the period from 2000 to 2050 [1].
Various subsurface formations and strategies are proposed which has been proved suitable for C O2 Geological 
Storage. Within it, the storage in deep saline aquifer formation (DSAF) would possess a dominant share because of 
its enormous global storage potential (1,000 GtCO2 compared to 675 GtCO2 for oil and gas fields and 3-15 GtCO2
for Coalbed Methane) according to the lower estimate of storage capacity by IPCC [2]) and its even distribution [3] 
all over the world resulting in the high possibility of proximity to some large-scale CO2 sources. These obvious 
merits have been prompting the scientists to conduct researches on the subject of DSAF storage in the last decade 
and several pilot projects have been performed in progress throughout the world as a sign of successful practical 
application.
.   In addition to DSAF storage, the unminable coal seams (UCS) have been proposed to be an alternative for CO2
geological storage (CGS) owing to the profitable return from the methane gas recovery via the enhanced coalbed 
methane recovery (ECBM) that can offset the inevitable high operation cost, as well as the comparatively well-
known strata structures. It has been verified that a coal seam with relatively smaller size is capable of storing large 
volume of CO2 securely because of the physical adsorption enables the strong bond forces between CO2 and the 
enormous void space distributed in the coal matrix (micropores). Another advantage of UCS storage is that, just like 
DSAF, most large coal-fi red power plants were built in coalfields, which can save the cost for CO2 transportation.
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Is there any effective way to take the advantages of both DSAF and UCS storage while eliminating the respective 
weakness as well as possible? The answer has been given by the recent interest of the geologists and policy-makers 
on a specific type of subsurface formation, namely deep coal-bearing formation (DCBF). DCBF is such a formation 
that several layers of the moderately thin coal seams separately generated between the strata with other subsurface 
materials, such as the sandstone. Some of the superiorities of such type of strata over individual DSAF or UCS can 
be imagined intuitively, such as the intrinsic sandstone like characteristics which makes it similar to DSAF 
formation, evidence of coexistence of coal seams and saline aquifer formation in most sedimentary basins where 
coal seams have been discovered [4], and the ability of CO2 adsorption in coal matrix could play an essential role as 
seals to lower the risk of the CO2 leakage from caprocks and the reduced coal permeability could confine the 
migration of gaseous and aqueous CO2 to the local storage space. Undoubtedly, there must be other mutual 
enhancement effects or mutually adverse interaction between the coal seam and other strata on the overall 
performance of CO2 storage corresponding to the different injection-production profiles, time scale and geological 
conditions and so far, these issues remain concealed.
Based on the discussion above, the objective of this study is to develop a numerical simulator and apply it on the 
comprehensive study on CO2 storage in DCBF to reveal the real behavior of CO2 along with other side-substances 
(e.g. methane, nitrogen) inside a well-defined DCBF reservoir, and to assess the overall performance of C O2
storage. The newly-built simulator needs verifying. It is verified the validity by comparing the data of variables 
calculated by the simulator with some experimental data during the stage of modeling. The comparison of the results 
from this simulator with the results calculated by other advanced simulators will be done regarding the simulation 
with same specification. After veri fication, simulation was applied for the case study for the DCBF in Ariake Area 
in Kyushu, Japan
2. Numerical simulator development and implementation
2.1 Characteristics of fluid dynamics 
The fluid dynamics implemented in the simulation of DCBF should be the combination of all the possible fluid 
transports in DSAF and ECBMR. The discrepancy between DSAF and ECBMR regarding the modeling of fluid 
dynamics is the concentration dependent diffusion due to the mechanism of sorption, which is essential for the CH4
production and CO2 sequestration in the case of ECBMR. The difference between the framework of simulation on 
DSAF formation and ECBMR is summarized in Table 2.1.
Table 2.1 Comparison between the domain of DSAF and ECBM modeling
Fluid System of
interest
Reservoir 
modeling
Mechanism of
fluid transport
Thermodynamic 
state of stored CO2
Injection-
production
DSAF CO2-Water-NaCl S ingle porosity Convective mass 
transfer
Free gas and
dissolution
Pure CO2, 
No production
ECBM CH4-CO2-N2-Water Dual/triple 
porosity
Sorption, 
convective mass 
transfer
Adsorption, free
gas and dissolution
Flue gas,
methane gas
recovery
2.2 Scope of numerical simulator
Considering the requirements for the description of CO2 storage into DCBF mentioned above, the general scope 
of this numerical simulator comprises:
a) Multi-phase fluids: gaseous phase, aqueous phase and solid phase
b) Multi-compnent fluids: methane, carbon dioxide, nitrogen, sodium chloride and wate
c) Non-isothermal system
d) Chemical reactions are neglected
e) Injection and production with different patterns and locations
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In summary, the numerical simulator developed and used in this study is a 3-phase, 5-component simulator focusing 
on the fluid dynamics and neglecting the relatively complicated and time-consuming mechanism of mineral 
trapping.
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2.3 Conceptual model
The fundamental framework for simulations including the components of interest and the mechanism o f 
transport/storage are completely different between usual DSAF formation and ECBMR studies and the 
mathematical modeling designated for each of them respectively, the conceptual structure of the model is shown in 
Figure 2.1 with the multi-phase multi-component flow profiles on the left and the injection-projection profile on the 
right.
Figure 2.1 Conceptual structure of the overall model
2.4 Primary variables 
To choose the proper primary variable, the phase change should be taken into account. During the simulation, the 
phase changes such as the appearance and disappearance of phases may occur in any cubic grid at any moment 
inside the reservoir model only if the local thermodynamic equilibrium meets the critical conditions. When phase 
change comes up, the set of primary variables used for the previous phase state fails to function properly for the new 
phase state in the current loop of Newton-Raphson iteration, which may lead to the breakdown of the program.
Therefore the simulator program itself should be able to recognize such phenomenon promptly and precisely by 
implementing monitoring. Moreover, as soon as the phase change occurs, the simulator should be able to 
characterize the fluid flow and change primary variables to be used in the current loop of calculation so as to make 
the fluid adaptive to the sudden change in its thermodynamic state and properties. The selected primary variables 
must be capable of correctly deriving all thermophysical properties for the phases and components which are needed 
to assemble the governing equation system. Besides, the newly-selected set of primary variables should also pertain 
to the last updated set of primary variables. To fulfill such requirement, the skill named ‘primary variable switching’ 
frequently applied in the multiphase flow simulations is introduced to this study.
2.5 Structure and schematic flow of full-scale simulation
Based on the modeling and calculation strategies presented above, the simulator was programed by C++ language 
with three groups of input data and two groups of output data (Figure 2.2). As a conclusion, main processes running 
recurrently inside the simulator are also shown in Figure 2.2.
3. Verification of simulator
The simulator to be used for the assessment on the performance of CO2 storage and CH4 production in this study 
is veri fied in several aspects relevant to the fluid dynamic and thermodynamics with regard to the multi-phase multi-
component system including mainly CO2 and CH4. Test problems concerning the mixing and mutual interaction 
between CO2 and CH4 are simulated. The specification of test problems follows the instruction in the simulator 
verification guideline reported by Pruess et al. [5]. The verification of the applicability on the primary CBM 
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production and the corresponding ECBMR simulation are conducted using the test problems specified in the paper 
released by Law et al. [4].
Figure 2.2 Scheme and flow chart of the simulator
3.1 Simulation of binary gas mixture (CO2+CH4)
Pruess et al. [5] reported a guideline for the verification of simulators which are developed specially for the 
simulation of CO2 storage in subsurface. There are several test problems particularly designed to investigate the 
performance and correctness of the simulator in every aspect, such as the calculation of thermodynamic properties 
and the behavior of fluid flow. Each test problem represents a practical case that should be addressed in daily 
simulations
Four numerical simulation codes were used for the comparison. These are as follows: CHEMTOUGH, developed 
by Industrial Research Limited, New Zealand, a geochemical modeling extension of TOUGH2 [6], GEM, a 
reservoir simulator developed by Computer Modelling Group (CMG), Canada; SIMUSCOPP, a reservoir simulator 
developed by Institut Français du Pétrole (IFP), France; and TOUGH2/EOS7C, a special gas module for the 
TOUGH2 reservoir simulator developed by Lawrence Berkeley National Laboratory (LBNL), USA.
As there are no space to show all comparison study results, only the result on Test Problem 2 is described here. 
Test Problem 2 is enlarged the scale to two-dimensional reservoir in y- and z-direction and the initial position of the 
reserve of CH4 and CO2 changes to be side-by-side which ensure them to mix. The strong lateral density gradient 
between the dense CO2 gas and the relatively light CH4 gas causes a strong density-driven flow where CO2 tends to 
move downward and CH4 tends to move upward to the top of the reservoir. The comparison results are shown in 
Figure 3.1. This depicts the horizontal profile of CO2 mole fraction at the elevation of 50m at two points of time.
3.2 Simulation of ECBMR
The fluid dynamics and storage mechanism in coal seams are quite different from other strata. Since the 
simulations regarding coal-bearing formations have not been studied so far, there is no reference for the verification 
use here. 
Law et al. [4] set up several representative test problem to compare the results of simulations with respect to 
CBM recovery among numbers of advanced commercial computer codes including GEM, ECLIPES, COMET2, 
SIMED II and GCOMP.
In order to demonstrate results of the simulations for primary production and ECBMR, the rates of CBM 
production are shown in Figure 3.2 with the plots of results calculated by other simulators mentioned above.
4. Case study for DCBF in Ariake Area, Kyushu
4.1 Geological setting      
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Figure 3.1 Results of Test Problem 2                   Figure 3.2  CBM production rate for primary production 
(CO2 mass fraction at elevation Z=50m)                                 and ECBMR
The total area of the possible CO2 geological storage under                 Table 4.1 Geology of Ariake DCBF
the seabed of Ariake Sea is estimated to be 180 million m2 with 
the boundary of large faults and abandoned Miike coal mine. The 
coal -bearing formations located in the northern part of this 
region is selected to be the target in this study (Figure 4.1) whose 
approximate area and average depth data can be found in Table 
4.1. On account of the symmetry of the injection-production well 
patterns and the well limited performance capacity, the formation 
accounting for one hundredth of the magnified zone, i.e. the 
scale of 300m×300m and the thickness of 100m, is extracted to 
be the Ariake reservoir model especially for this work. The 
geology of Ariake model is given in Table 4.1 as well.
This area was investigated by CR&ME [7], they have drilled 
several wells for core sampling and on-site experiment. They also used a lot of samples to measure several key 
parameters regarding the geological properties of coal and sandstone, such as the permeability and porosity. All 
these experimental data are listed in [7]. The parameters used in this case study refer to all of their data i f available. 
For those data not reported, reasonable values are assumed. The specification of this simulation study also can be 
found in [8].
Based on the geology and stratigraphy of Ariake coal -bearing formation above, the reservoir model for this area 
was built including one 50-meter layer of fine-grain sandstone stratum and one 5-meter layer of hardly permeable 
mudstone stratum on the top and bottom of the reservoir model described in Figure 4.2, respectively. In the 
meanwhile, the target reservoir remains unchanged. Though the boundary condition in all directions in this case are 
still set to be ‘no flux’, owing to the two added 
strata, massive fluids and heat can pass through 
the coal seams located in the upper and lower 
bound of the target reservoir by various physical 
processes. This enables the tracking of the CO2
leakage from the target reservoir including the 
dissolved CO2 and free C O2 by simply 
computing the composition and amount of CO2
existing in the two added strata. According to 
the survey done by CR&ME [7], the top stratum 
formed by the fine-grain sandstone the 
permeability of which is high   enough for the 
gaseous CO2 to migrate upward and accumulate 
3km 3km
Depth 1000 - 1100m
Thick ness 
(m)
Material
Overburden (50) Fine-grain 
Sandstone
Upper Coal Seam 2 Bituminous
Saline Aquifer 100 Coarse to Mid-
grain Sandstone
Lower Coal Seam 2 Bituminous
Underlying (5) Mudstone
Figure 4.1 Geography of Ariake DCBF
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on the edge of the top boundary quickly which may results in the overpressure in the top stratum. However, this can 
not possibly happen because the net pay of 
this stratum is so thick that it can store 
remarkably large amount of CO2 and make 
it sooner for the process of buoyancy effect 
on CO2. In contrast, the reason that the 
bottom layer of mudstone is assumed to be 
5 meters thick is that the permeability of 
mudstone is much smaller than that of top 
stratum.  
On the other hand, the estimation for the 
storage capacity for dissolved CO2 in the 
target reservoir is carried out in advance 
based on Equation 4.1                                               Figure 4.2  Schematic view of Ariake DCBF reservoir model 
                                                                  Table 4.1 Data for Ariake DCBF
                                                                              (4.1)
where and represent the total volume and the average 
porosity of the sandstone strata in the target reservoir respectively. 
The parameters used for this calculation are shown in the upper part of 
Table 4.1, while the estimated capacity for dissolved CO2 is shown in
the lower part under the consideration of 5-spot injection-production 
pattern. Eventually the amount of CO2 to be injected in the simulation 
is assumed to be 80% of the capacity, i.e. 60 million sm3. In 
commercial projects, regarding a certain target reservoir the parameter 
that is most likely to be adjusted is the injection rate of CO2, provided 
that 5-spot pattern was decided beforehand. Therefore, in order to  
investigate the impact of this parameter on the results, simulations are 
performed twice assuming two different values for the constant 
injection rate, i.e. 5,000 sm3/day and 20,000 sm3/day (marked as type 
1 and type 2 in the graphs below). The time span of the simulation is 
500 years.
4.2 Simulation results
Figure 4.3 shows the injection rate of C O2 from the 2
nd year of simulation until the limit injection amount is 
reached. From the figure, it can be found that in type 1, the injection rate kept constant at exactly 5,000 sm3/day till 
about 35 years, while in type 2, the injection rate decreased gradually during the whole period of injection, due to 
the fast pressure built-up in the vicinity of the injection well which exceeded the maximum BHP, i.e. 200 MPa. 
Because of the larger cumulative injection amount and the higher pressure in the lower coal seam in type 2, larger 
amount of CO2 is present in each phase during the early stage (till the suspension of injection in type 2) of the 
simulation compared to the type 1 (Figure 4.4 – 4.6). In both types, after the injection stopped, gaseous CO2 in the 
entire reservoir model disappeared little by little mainly resulting from the dissolution of CO2 into brine which can 
be easily recognized by the ascending curve representing the amount of  dissolved CO2 in Figure 4.4. As for the 
amount of adsorbed CO2 in coal matrix, it rose slightly shortly aft er the injection ceased and then achieved the 
equilibrium for the rest time of simulation (Figure 4.4). Comparing type 1 with type 2, it can be realized from Figure 
4.4 that although the amount of dissolved CO2 (entire reservoir model) in type 2 surpassed that in type 1 for most of 
time during the simulation, after 500 years, the value in type 1 caught up with that in type 2 and had the tendency to 
overtake it. This can be explained by the relatively higher average pressure remaining in type 1 after the equilibrium 
of the system was reached. On the contrary, it can be seen from Figure 4.4 that the rate of decrease of the gaseous 
CO2 amount in the entire reservoir model was a little bit lower than that in type 2. Hence, the difference between 
these two values tended to diminish and the value in type which led for 500 years seemed to be smaller than the 
value in type 2 if the simulation runs for longer time. As for the CO2 adsorption, it can be identified from Figure 4.4 
45
Pressure [bar] 200
Salinity [-] 0.00137
TR-S Volume [m3] 9000000
TR-S Porosity [-] 0.07
Liquid Phase Density [kg/m3] 1013.15
CO2 Solubility [kg/kg] 0.0606077
Unit Conversion [kg/m3] 1.9378291
Capacity [sm3] 19963037
5-spot Pattern [sm3] 79852150
Injection Amount (80%) [sm3] 63881720
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that the difference between the values in two types kept almost constant and more CO2 had been adsorbed into coal 
matrix in type 2 than in type 1. This was possibly the result of higher pressure in the early stage in type 2 by which 
CO2 was capable of transporting horizontally into the coal matrix far away from injection well, but not just being 
stored in the limited range near the well as what happened in type 1.
Figure 4.3 CO2 injection rate                                  Figure 4.4 CO2 percentage in different phases
Figure 4.5 shows the total amount (dissolved + gaseous) of CO2 leakage from the top coal seam. For both types, 
the amount of leakage increased with a steep slope for the early 1/3 of the time and turned to increase slowly 
towards a convergent value. It can be realized that the leakage amount in type 2 was larger that in type 1 in the early 
stage of the simulation and after the injection stopped, the value in type 1 increased rapidly and eventually became 
greater than that in type 2 shortly after the close of injection well in type 1. Besides, after 80 years, the difference 
between the leakage amounts in two types remained nearly invariant till the end of the simulation. Being examined 
phase by phase, it can be found that the characteristics of the curves in each phase of CO2 are similar with the Figure 
4.5 with regard to the trend of the curves and the difference between type 1 and type 2.
Figure 4.5.otal CO2 leakage amount from the top        Figure 4.6 Total CO2 leakage amount from the bottom
Figure 4.6 shows the total amount (dissolved + gaseous) of CO2 leakage from the bottom boundary of the target 
reservoir. Both curves (type 1 and 2) exhibit the similar shape which comprises three stages. In the first stage, the 
amount of leakage rose dramatically until the end of injection which was followed by the second stage, i.e. a short-
term moderate decline and in the last stage, it rose up again almost linearly until the end of the simulation. The first 
stage results from the sudden pressure built-up in the coal seam where CO2 is injected and the consequent positive 
pressure gradient downward which drives the fluids flow out of the lower boundary via Darcy flow. In the second 
stage, the pressure in the coal seam does not go higher than the pressure in the mudstone anymore, but becomes 
slightly lower than it. This results in the fluid flow back into the reservoir. In the third stage, though the gaseous CO2
accounting for about 1/3 of the total leakage continues to decrease, it is counteracted by the faster increase of the 
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dissolved CO2 stemming from the sink of the brine from the 
strata above which is getting denser and denser due to the 
dissolution of CO2. From Figure 4.6,  it can be concluded 
that the amount of CO2 leakage from the bottom in type 2 is 
definitely higher than that in type 1 for each phase, 
especially in the first stage.
Figure 4.7 shows the percentage of CO2 leakage from the 
target reservoir in different phases and sources after 500 
years. The total gaseous CO2 leakage from the target 
reservoir accounts for around 15% of all the CO2 injected, 
while the dissolved CO2 leakage contributes around 12%.                            
5. Conclusion
Figure 4.7 CO2 leakage percentage after 500 years
A non-isothermal multi-phase multi-component fluid dynamic simulator was developed to make a comprehensive 
study on the performance of CO2 storage into DCBF. The simulator was verified by comparing the simulation result 
to the results from other simulators. The results calculated by this newly-built simulator matched well with the 
results of others.
We conducted a case study on the reservoir model similar to the DCBF under the Ariake sea, Kyushu, Japan by 
two different injection strategies. The results show that large portion of C O2 will remain in the gas phase and a 
considerably high percentage of CO2 leakage will emerge for at least 500 years from the start of project.
In the case study for Ariake Area, the result is really unacceptable due to the large amount of free gas and 
relatively high portion of CO2 leakage under the domain and boundary conditions of this study. The reason can be 
drawn as the lack of the low permeability caprock. However, compared to the deep saline aquifer where no coal 
seams exist, the performance of CO2 storage in this case is much better and more effective, because the adsorption 
of CO2 into coal matrix can ensure the secure sequestration and this function of coal can play the role of ‘caprock’ to 
help seal CO2 inside the reservoir. It is certain that a considerable amount of leakage is not avoidable in this case. 
Nevertheless it is much better than none. Therefore the coal-bearing formation in Ariake region should be treated as 
an alternate reservoir, but not the very prospective and promising target reservoir. 
Furthermore, since the partition and transport of CO2 will be changing very slowly for a large time span and in 
this study the simulation only ran for 500 years and the equilibrium has not been reached yet, so an extended 
simulation is expected including further overlying strata and distributed CO2 injection by horizontal wells to look 
into the fate of CO2 from a long-term perspective.
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